I. INTRODUCTION
For an efficient reaction design, it is vital to understand the underlying process of chemical reactions. With conventional laboratory methods that rely on quenching or solely analyzing the end-product of a reaction, only a snapshot of the reaction progress is obtained, revealing little information about the reaction mechanism. Consequently to optimize a reaction following this approach, it is often necessary to empirically improve the reaction parameters for a more efficient synthesis. Contrary to these ex situ methods, in situ 1 and operando 2 techniques allow for the analysis of chemical reactions while they are occurring, providing substantially more information about active species or short-lived intermediate phases that play a significant part in the reaction process. [3] [4] [5] Even though some methods exist that enable the examination of chemical reactions in situ in a laboratory environment, 6-8 the majority of very powerful techniques is X-ray based and requires synchrotron radiation with higher energy and intensity compared to laboratory sources. Such radiation is only available at a few facilities and allows penetration of reaction chambers and solvent volumes as well as fast measurements to follow reactions. These methods involve X-ray diffraction (XRD), [9] [10] [11] [12] [13] X-ray absorption spectroscopy (XAS), 14, 15 small-angle X-ray scattering (SAXS), and total scattering and pair distribution analysis (PDF) [15] [16] [17] that are universally applicable and allow analysis of a diverse spectrum of chemical compounds and materials. With the development of 3rd generation synchrotron sources and better detectors, the prospects of in situ analyses have dramatically increased, yielding a far better time resolution and signal quality. Nevertheless the conditions for chemical reactions are diverse, ranging from ambient to highpressure and static to dynamic conditions, while the laboratory a) stock@ac.uni-kiel.de setting cannot easily be transferred to the beamline in most cases. Hence each type of reaction requires the construction of an appropriate reaction cell prior to the experiment. Furthermore each analysis technique imposes its own limitations and prerequisites that have to be addressed in the design of the reaction cell. In the field of crystalline porous materials, for instance, the synthesis is mostly carried out under solvothermal conditions, meaning at temperatures above the boiling point of the employed solvent in a closed container. For the analysis of reactions under solvothermal conditions, only a few specialized reaction cells have already been applied in the area of in situ analysis using X-ray based methods. [18] [19] [20] [21] [22] [23] Each one of these reactor setups has specific advantages but does not combine capabilities like high-precision temperature adjustment and dosing combined with a remote controlled operation, while closely mimicking laboratory conditions. The combination of these capabilities is necessary to carry out a broad range of different reactions.
As each analysis technique only provides a part of the information required to entirely understand the mechanism of a chemical reaction, it is often necessary to combine several characterization techniques. 1, 5, 6, 14, 15, 17 In consideration of this, it is ideal to use a reaction cell that can be utilized for different analysis techniques to avoid introducing any new parameters like changes in volume, shape of cell, and stirring efficiency that might change when shifting to a different experimental setup. Additionally the reaction cell should be easy to operate while working as close as possible to laboratory conditions to ensure that the results from previous ex situ investigations can be reproduced well.
In this paper, we present a reaction cell that was constructed at CAU Kiel (Christian-Albrechts-University Kiel) in cooperation with the staff of beamline P08, 24 PETRA III, DESY. The cell is suited for the in situ analysis of chemical reactions under ambient and solvothermal conditions up Rev. Sci. Instrum. 88, 104102 (2017) to 180 • C. The focus of this reaction cell lies in the design of an easy-to-use and versatile reactor that closely mimics the conditions present in a common laboratory. In addition, the reactor setup provides an injection system and a solid dosing device that can be used to initiate and quench reactions or alter chemical parameters during a reaction.
II. APPARATUS

A. Reactor setup
The reactor setup SynRAC (synchrotron-based reaction cell for the analysis of chemical reactions) was developed in a cooperation between the CAU Kiel and Deutsches ElektronenSynchrotron DESY. The whole setup (Fig. 1 ) encompasses different components in addition to the reaction cell. In Secs. II B-II I, the interplay between these components is described in detail to illustrate the functionality of the reactor setup.
B. Design of the in situ cell
The centerpiece of SynRAC ( Fig. 1) consists of an aluminum casing that can accommodate two sizes of borosilicate reaction vessels. The casing is 880 mm long with an inner diameter (ID) of 161 mm and is composed of anodized aluminum to improve heat transfer to the reaction vessels. It is centered on a 55 mm × 55 mm × 14 mm socket that encases a 48 mm × 48 mm × 17 mm electromagnetic stirrer (stirrer: MIXdrive 1 XS, 2mag; control station: MIXcontrol eco, 2mag). The stirrer can agitate the sample with an adjustable stirring rate up to a speed of 1200 rpm. A socket and stirrer are fixed on a ground plate to mount the cell on the beamline in transmission geometry. The ground plate provides a 100 mm × 100 mm hole grid that is commonly used at various beamlines.
Surrounding the aluminum casing, a mantle of coppergalvanized heating wires is installed to heat the sample to the target temperature. A protective cage around the heating system avoids any injury to users due to hot surfaces.
As the reaction cell is to be mounted in transmission geometry, the synchrotron beam penetrates the cell in the center at a FIG. 1 . Overview of the reactor setup including the reaction cell (1), power supply (2), electronic relay box (3), and compact chassis (4) associated with the heating system as well as a syringe pump system (5) and the laptop used to control the setup (6).
height of 50 mm above the ground plate. In this area, the aluminum casing has been thinned out to a thickness of 100 µm. This ensures that a beam intensity loss due to the absorption of the aluminum windows is minimized while the thickness is still sufficient to contain any liquids in the case of a reaction vessel burst (Sec. II E). A close-up view of the entrance and exit windows is shown in Fig. 2 on the right. The entrance window has a length of 9.5 mm and a width of 3 mm, and the exit window has a length of 27 mm and a width of 5 mm, respectively. The windows are kept as small as reasonably possible to ensure a high temperature stability. A representational picture of the centerpiece is included in the supplementary material (Fig. S1 ).
As reaction vessels (Fig. 3) , two different sizes of borosilicate glass vials (V max = 5 ml and V max = 11 ml) can be used. The small vessels (V max = 5 ml) are ∼100 mm long with an inner diameter of ∼10 mm and a wall thickness of 1 mm.
The bigger vessels are ∼100 mm long with an inner diameter of ∼15 mm and an approximate wall thickness of 1.5 mm. Change between the two sizes of glass vessels is easily possible with a reduction inset made from anodized aluminum.
These types of reaction vessels were selected as they are commercially available, low priced and are already frequently used in laboratory practice. 25, 26 In the case of an in situ analysis of a chemical reaction, it is advisable to investigate the reaction system thoroughly prior to the beamtime using ex situ methods to develop an understanding of the reaction progress and the influence of different parameters on the product formation. For some reactions, however even minor parameter changes like a different composition of the reaction vessel (glass or PTFE, Polytetrafluorethylen) or a variation in the surface-to-volume ratio can already influence the outcome of the experiment. Therefore it is preferable to use vessels that come close to the ones used for the ex situ experiments or if possible, even the same ones. Another major advantage of using cheap, disposable reaction vessels lies in the fact that cleaning of the cell is not required after every reaction. Once an experiment is completed another reaction vessel prepared beforehand can easily be inserted into the cell and analyzed without disassembling the cell or realigning it. This saves precious time at the synchrotron and excludes the influence on the reaction due to trace amounts of chemicals related to a previous reaction.
C. Heating system
In the field of crystalline porous materials, the synthesis temperatures reported in the literature extend up to temperatures of ∼180 • C. Consequently to span the whole range of different reported reactions, we aim for a maximum operating temperature of 180 • C. Heating the reaction mixtures is accomplished by resistive heating using a mantle comprised of copper-galvanized heating wires surrounding the casing holding the borosilicate vessels. The accessible temperature range currently lies between ambient temperature and 180 • C measured in the reaction vessel. The heating mantle is connected to a maximum 60 V/15 A power supply (HCS-3604, Reichelt) that is operated in a pulsed mode. For a more precise control of temperature, a flow of compressed air is automatically directed onto the heating mantle. The temperature data are measured at two different points using K-type thermocouples. One thermocouple (Electronic Sensor GmbH) is integrated in the heating mantle, while the second thermocouple (Reckmann GmbH) is embedded in the glass vessel screw cap and monitors the temperature inside the reaction vessel (Fig. 4) . The glass vessel screw cap is made from glass-fiber reinforced polyphenylsulfide (PPS, Bohlender GmbH) with a custom-built PTFE inset that seals the cap and holds the thermocouple. To prevent corrosion, the thermocouple is coated with a PTFE/PFA-two-component shrinking tube (Polytetra GmbH, PFA = Perfluoroether). Additionally a second layer of PTFE/PFA-two-component tube is applied right below the PTFE inset. This second layer acts as a restraint to prevent the thermocouple from being pushed out in reactions at high autogenous pressures. The same technique is also used for the injection tubes (Sec. II D).
The data of both K-type thermocouple modules are registered by a compact chassis (National Instruments) and transferred to the connected laptop. A set of proportional-integralderivative (PID) parameters integrated in the reactor operating software controls the heating of the reaction vessel to keep the temperature as close as possible to the specified target value. This is accomplished through a combination of pulsed heating and direct cooling of the heating mantle. In the supplementary material (Fig. S2 ), a heating process to the maximum temperature of 180 • C is shown for both types of reaction vessels.
D. Injection system
One main purpose of the SynRAC reactor setup is the interactive manipulation by adapting temperatures and addition of substances during a chemical reaction and study the response to these altered conditions. To this end, an injection system has been incorporated in the setup. The neMESYS syringe pump system (Fig. 5 , Cetoni GmbH) can mount up to two syringes. By default, the setup is operated with two 5 ml borosilicate glass syringes (Fig. 5 , ILS Microsyringes) that can inject liquids with a flow between 5.7 µl/min and 30 ml/min while withstanding a backpressure of 17 bars. These syringes are connected to specially designed screw caps (Fig. 5 ).
The tubes (Erich Eydam KG) embedded in the screw cap are made from PTFE to enable injection of even aggressive or reactive liquid additives.
The syringe pump system is connected to the control laptop via USB connection and controlled by the reactor operating software (Sec. II G).
E. Safety measures
Chemical reactions under solvothermal conditions always carry the risk of reaction vessel burst due to a high autogenous pressure building up inside the vessel. To avoid any risk to involved personnel or contamination of beamline equipment, SynRAC includes several hardware and software related measures to address these safety issues.
To generally reduce the risk of a glass vessel burst, the reactor is only operated at conditions that are significantly lower than the limit of all the incorporated components. The polyphenylsulfide screw caps, for instance, are stable FIG. 5 . Syringe pump system neMESYS (left) and custom-built screw cap used for injection of liquids (right, the injection tubes are depicted in blue to increase visibility).
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Rev. Sci. Instrum. 88, 104102 (2017) up to 250 • C even though the maximum operating temperature of the cell currently lies at 180 • C. Should a glass vessel burst occur despite these precautions, the reactor cell is equipped with thinned out aluminum windows to contain any leaked chemicals. In addition to the windows, a safety cap made from aluminum (Fig. S3 of the supplementary material) can be mounted onto the setup. With the safety cap in place, no chemicals that get ejected in the case of a burst can spill out of the setup, protecting the users as well as the beamline equipment from injury or contamination, respectively. The operating software is outfitted with an electronic safety limit that restricts the temperature of the heating mantle to a value below 200 • C, effectively leading to a maximum temperature of 180 • C inside the reaction vessel. Should the laptop, for example, lose the connection to the reactor setup due to network issues, the heating mantle still cannot exceed a temperature of 200 • C.
Finally the user operating the reactor provides an additional layer of safety. All the information regarding temperature data and syringe levels is transferred to the user interface in real-time. In the case of critical situations, the user can always intervene and cool down the setup remotely from the control hutch.
F. Solid dosing device
Even though the injection system already offers great flexibility regarding different experiments, in some cases it might be necessary to add solids. To address these issues, we incorporated, complementary to our liquid injection device, a solid dosing system into our reactor setup. In this section, the solid dosing device is described in detail followed by a proof of concept experiment that was conducted using the solid dosing system at beamline P08.
The solid dosing device consists of a PEEK cylinder embedded in a Teflon inlet as a part of the reaction vessel screw cap (Fig. 6 ). Due to size restraints, the solid dosing device is however only available for the bigger reaction vessels (V max = 11 ml). Before the experiment, the cylinder is filled with the solid and afterwards sealed with a small Teflon plug to limit the contact between solid and solvent vapor in the reaction vessel. A piston made from PEEK, inserted into the top of the cylinder, is used to push out the solid. The piston is connected to a linear actuator. The whole apparatus is centered on a modified custom-made safety cap to provide stability and address safety issues simultaneously (Fig. S4 of the  supplementary material) .
When the command to add the solid is issued, the motor actuates the threaded spindle and consequently pushes the slide that is connected to the PEEK-piston down. When the slide reaches the lower end-position switch, the motor reverses the spinning direction and pulls the slide back to its initial position. The solid dosing device was integrated in our reactor operating software and works analogs to our injection system.
To test the capabilities of the solid dosing system, it was tested in the synthesis of a new zirconium and ceriumbased mixed-metal-organic framework (Fig. 7) containing FIG. 6 . Schematic view of the modified screw cap used for solid dosing. On the right, the PEEK cylinder is depicted transparent to clarify the available space for the solid. 
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Materials
All used chemicals are commercially available and were used without further purification.
Methods
Before the reaction, two solutions of zirconiumoxynitrate in H 2 O (0.5333M) and cerium ammonium nitrate (CAN) in H 2 O (0.5333M) were prepared. Of these solutions, 480 µl zirconiumoxynitrate solution and 120 µl CAN-solution were transferred to a 11 ml borosilicate vessel containing 1200 µl DMF and 2113.5 µl formic acid. The solid dosing system was filled with 83.55 mg pyrazoledicarboxylic acid (H 2 Pzdc). The reaction mixture was heated to the target temperature of 100 • C and kept under continuous stirring during the whole experiment. After 3.5 min into the experiment, the linker was added using the solid dosing system. The diffraction patterns were collected at beamline P08, PETRA III, DESY. Diffraction data were measured using a monochromated radiation of 25 keV At the start of the experiment, only the diffuse background scattering corresponding to glass and solution inside the reaction vessel is visible. As the temperature inside the reaction vessel rises to the target temperature of 100 • C, the intensity of the background increases until it reaches a stable level. At about 3.5 min into the experiment, the solid dosing step was initiated and the linker was pushed into the reaction vessel. At the point of addition, a very slight decrease in temperature is visible that is mostly noticeable in the rising temperature of the heating mantle to compensate for the lower inside-vial temperature (Fig. 8) .
After ∼17 min into the experiment, crystallization of the compound starts, verifying that the linker was successfully added to the reaction mixture.
G. Reactor operation
The reactor setup SynRAC is operated with a customprogrammed software based on LabView. The software provides a user interface that combines all the relevant information like temperature data and syringe fill levels, displays them in real-time, and stores them for later assessment. The software can easily be installed on any laptop and works as a standalone FIG. 8 . Temperature data associated with the synthesis of a cerium/zirconium mixed-metal MOF using the solid dosing device at beamline P08.
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Rev. Sci. Instrum. 88, 104102 (2017) system. This way the reactor program is independent from any beamline equipment and can be used at every beamline. Before an experiment, a procedure of actions like heating, injection, or waiting steps is defined. When the experiment starts, the software will execute these steps in the specified order. In the case of unforeseen events, the user can always intervene and, for example, skip a step to immediately quench a reaction via injection of solvent or modify the program in any other way.
H. Calibration and alignment
At the start of an investigation at a synchrotron, especially the alignment of the reaction cell can be a tedious and time-consuming task. Additionally several characterization techniques require an accurate determination of the distance between the sample and detector. In the case of X-ray diffraction (XRD), this is accomplished by collecting the powder pattern of a well-known standard substance (e.g., LaB 6 ) and using the position of the reflections on the detector in combination with the accurate wavelength to calculate the exact sample-to-detector distance.
In the design of SynRAC, ease of use was an important aspect. Therefore tasks like reactor alignment and distance measurement were facilitated to be as simple as possible. For that purpose, a calibration inset (Fig. 9) made from copper was constructed that can be inserted into the cell. The inset can accommodate a holder containing a capillary filled with a standard substance (e.g., LaB 6 ). The capillary holders are available at PETRA III at various beamlines. The inset possesses openings in the region where the beam entrance and exit windows in the reactor cell are located. The copper holder with small openings of the capillary simplifies the very precise alignment of the capillary in the beam. When moving the reactor by means of an xyz table, the copper reflections corresponding to the calibration inset will be visible as long as the beam is not passing exactly through the beam windows of the cell. Once the correct reactor position is found, the reflections corresponding to copper will vanish and only the ones of the
FIG. 9. Calibration inset with standard capillary (solid copper is depicted transparent to increase visibility).
standard substance in addition to the ones of the aluminum windows will be visible.
After the cell has been properly aligned in the beam, several diffraction patterns can be collected that can afterwards be used for the distance calibration of the sample and detector and as a reference for the experimental resolution.
I. Data treatment
In an in situ experiment using X-ray diffraction, the overall intensity between consecutive patterns can potentially FIG. 10 . Same set of diffraction patterns before (left) and after (right) normalization to the 311 Bragg reflection of the exit-window. 27 
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Rev. Sci. Instrum. 88, 104102 (2017) differ significantly. There are several effects contributing to these intensity fluctuations like variation due to the stability of beamline optics or even due to the current in the storage ring. However the biggest contribution in the case of in situ experiments probably comes from changing spatial distributions of particles inside the reaction vessel. Stirring certainly improves the quality but despite stirring there might be different amounts of solids in the beam from one pattern compared to the previous one. Consequently this leads to a varying total absorption of the sample resulting in an overall lower or higher pattern intensity, respectively. Especially in reactions where the main interest is the crystallization kinetics of a compound, these fluctuations can be detrimental for data evaluation. In these cases, it can prove helpful to include a standard inside the reaction mixture that shows the same fluctuations. As the intensity of the reflections corresponding to the standard should remain constant during the reaction, it can be used to normalize all the patterns provided the standard exhibits the same local inhomogeneities as the reaction product. In chemical reactions, an internal standard could be problematic as it might take part in a reaction. Hence in SynRAC, the aluminum windows are used as an external standard.
In Fig. 10 , two series of diffraction patterns that were obtained at beamline P02.1 associated with the intercalation of pyrazine in [Al(OH)(O 2 C-C 6 H 10 -CO 2 )]·H 2 O (CAU-13) are shown. 27 The left picture shows an untreated series of diffraction patterns that exhibit strong intensity variations between consecutive patterns. The right picture shows the same dataset after normalizing all patterns to the same intensity for the 311 Bragg reflection of the exit window. The significant jump in the background at t = 7.5 min corresponds to an injection step of a pyrazine solution.
III. CASE STUDIES
Coordination polymers are crystalline compounds composed of inorganic building units that are bridged by organic linkers to form networks. Among the group of coordination polymers, metal-organic frameworks (MOFs) represent a class of porous materials that crystallize in 2-or 3-dimensional networks and exhibit the highest specific surface areas known today paired with a very narrow pore size distribution due to their crystalline nature. The combination of these properties makes them well suited for various applications ranging from catalysis over drug delivery to heat transformation as well as applications in gas storage and separation. Consequently MOFs experienced a growing interest in research and were subjected to a variety of different in situ studies to, for instance, clarify the mechanisms behind their crystallization 3, 5 or to analyze phase transformations. In Sec. III A, two examples of studies that were conducted using the in situ setup are briefly described. In the experiments that were carried out in SynRAC so far, the focus mostly lay on XRD studies to analyze crystallization kinetics, phase transformations, or the formation of intermediate phases during the synthesis of coordination polymers or metal-organic frameworks. [27] [28] [29] However, the reactor has recently been applied in the field of combined X-ray absorption spectroscopy (XAS) and Xray diffraction (XRD) analysis. In this multimodal approach, the catalysis of C-C-coupling reactions in the presence of MOFs decorated with palladium nanoparticles as catalyst was investigated. 30 
A. Crystallization kinetics of Ce-UiO-66
Among metal-organic frameworks, zirconium-based UiO-66 31 (UiO = University of Oslo) is one of the most extensively studied compounds due to its significant thermal and chemical stability compared to other MOFs. Recently we have reported the synthesis of Ce-MOFs and their use in catalysis. 32, 33 The aim of this experiment was to analyze the crystallization kinetics of the compound denoted Ce-UiO-66 [Ce 6 (OH) 4 (O) 4 (BDC) 6 ]. The metal-organic framework crystallizes in a rapid reaction between cerium ammonium nitrate [(NH 4 ) 2 [Ce(NO 3 ) 6 ]] and terephthalic acid (H 2 BDC) in a solvent mixture of N,N-dimethylformamide (DMF) and H 2 O (Fig. 11) .
The analysis of the crystallization kinetics of this reaction proved challenging as the first reflections already appear FIG. 11 . Reaction of cerium ammonium nitrate and terephthalic acid to Ce-UiO-66.
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Rev. Sci. Instrum. 88, 104102 (2017) FIG. 12. XRD data corresponding to the synthesis of Ce-UiO-66 (left) at 100 • C and the associated temperature data (right, the blue region marks the time where the first reflection appears).
after ∼1.5 min reaction time. In order to determine the kinetics of a crystallization process, the temperature should be stable throughout the whole reaction to exclude any influence of the heating rate on the formation kinetics. To address this challenge, the solvent/linker-solution was initially heated to the target temperature followed by the addition of the metal salt solution via injection.
Materials
Methods
A solution of 70 mg terephthalic acid (0.42 mmol) in 2.4 ml DMF was placed in a 5 ml borosilicate vessel and heated to different target temperatures of 100 • C, 90 • C, 80 • C, and 70 • C under stirring. After 5 min, 800 µl of a 0.53M aqueous solution of (NH 4 ) 2 [Ce(NO 3 ) 6 ] was added via injection. The diffraction patterns were collected at beamline P09, 34 PETRA III at DESY. Diffraction data were measured using monochromated radiation ( At the beginning of the experiment, the organic linker solution was heated to different target temperatures of 100 • C, 90 • C, 80 • C, and 70 • C. Since the crystallization occurred from solution, initially no Bragg reflections were visible alongside the diffuse scattering around ∼6.5 • 2 Theta that can be attributed to the solvent and glass vessel. At t = 5 min, the cerium salt solution was injected leading to a decrease in overall intensity due to the higher absorption by the sample. As evident in the temperature data (Fig. 12, right) , the reactor program immediately started to compensate for the lower temperature inside the reaction vessel with a raised mantle temperature. Roughly ∼20 s after the injection step, the temperature reached the target temperature again and stayed at 100 • C with a deviation of ∼±0.6 • C. The reflections corresponding to the MOF appeared ∼2 min after the injection of the metal salt solution. As the temperature inside the reaction vessel was stable at the target temperature, at that point the crystallization kinetics can be considered independent from any change in temperature.
As a measure of the reaction progress α, the area under the 111 Bragg reflection of Ce-UiO-66 was integrated with the software package "F3tool" and plotted against the experiment time (Fig. 13) . To evaluate the kinetic parameters for each reaction, the reaction progress was fitted with a non-linear curve fit based on the Gualtieri model 36 [Eq. (1)],
According to the Gualtieri model, the reaction progress α is expressed as a function of reaction time t and the parameters a = k n 1 (k n = rate constant of nucleation), b, k g (k g = rate constant of crystal growth), and n (dimension of growth). The particles forming in this reaction exhibit cube-shaped morphology indicating a three-dimensional growth in the course of the reaction. Accordingly, n was defined as 3 for this FIG. 13 . Reaction progress (α) and nucleation probability (P n ) plotted against the experiment time (t) for the synthesis of Ce-UiO-66 at four different temperatures.
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The Arrhenius activation energies for nucleation and crystal growth were determined by plotting ln(k) against 1/T (Fig. S5 of the supplementary material) . The activation energies were calculated as 32 (5) kJ/mol for crystal growth and 50(5) kJ/mol for nucleation, respectively. The calculated values lie slightly below the values of activation energies reported for other metal-organic frameworks in the literature (Mn-MIL-100: 37 89.9-126.5 kJ/mol; MOF-14: 13 64-83 kJ/mol; CAU-13: 38 76-77 kJ/mol; and CAU-1: 39 131-136 kJ/mol). This is however reasonable as the reaction occurs at mild reaction conditions compared to the other compounds. In this case, crystallization occurs very fast at reaction temperatures well below the boiling point of the employed solvent mixture indicating a comparably low activation energy.
B. Isolation of short lived intermediates-Basic bismuth nitrate
In the synthesis of porous crystalline materials, the product formation often progresses via amorphous or crystalline intermediate phases. Understanding the structural relationship between the intermediate and product phases can provide information about the reaction mechanism which can subsequently lead to a more efficient reaction process. In ex situ experiments, short lived intermediate phases can be missed easily. Moreover there is no guarantee that the isolation and washing steps will not alter the structure of the intermediate phase consequently falsifying any conclusions that can be drawn about the reaction mechanism. In such cases, it can be a viable strategy to isolate these intermediate phases directly at the beamline as soon as they are observed. Due to the large contribution of the solvent background that overlays a lot of smaller product reflections, in situ data are usually not suitable for a structure determination. After isolation, however the intermediate phase can be analyzed with high-resolution diffraction methods provided it stayed intact during the isolation process. In Sec. III B 1, one example of the isolation of a short-lived intermediate using the SynRAC setup is briefly presented.
In this second example, the formation of a bismuth-based coordination polymer denoted [Bi(HIDC)(IDC)] 40 was analyzed with X-ray powder diffraction. The coordination polymer forms in the reaction of bismuth nitrate [Bi(NO 3 ) 3 ] with 4,5-imidazoledicarboxylic acid (H 2 IDC) in H 2 O. Bismuthbased compounds are generally interesting candidates to study reaction mechanisms as their formation often progresses via crystalline intermediate phases. 41 A reason for this might lie in the large structural diversity of inorganic building units found in bismuth-based MOFs and coordination polymers.
Materials
Methods
In this reaction, 80 mg Bi(NO 3 ) 3 ·5 H 2 O (0.16 mmol) and 52 mg (0.333 mmol) 4,5-imidazoledicarboxylic acid (H 2 IDC) were placed in a 5 ml borosilicate vessel followed by 3 ml deionized H 2 O. The reaction mixture was heated to 140 • C within 143 s under stirring. The diffraction patterns were collected at beamline P09, PETRA III at DESY. Diffraction data were measured using monochromated radiation (23 keV, λ = 0.539 05 Å) with a beam size of 1 mm × 1 mm. The 2D images were acquired with a time resolution of 5 s per frame on a Perkin Elmer XRD1621 flat panel detector (2048 × 2048 pixel; 200 × 200 µm pixel size) and integrated with the Fit2D software package. The exact sample-to-detector distance was calculated as 606.1 mm. The time-resolved series of X-ray diffraction patterns is shown in Fig. 14 .
In the beginning of the experiment, only the reflections corresponding to the reactants Bi(NO 3 ) 3 and H 2 IDC were visible followed by a phase transformation at t = 1 min. The phase transformation appeared to only involve Bi(NO 3 ) 3 as the reflections belonging to the organic linker remained unaffected (Fig. S6 of the supplementary material) . Additionally a rise of scattering signal in the small angle region was observed, indicating the presence of small particles inside the reaction mixture. The intermediate phase remained intact for a brief time of about ∼3 min followed by the formation of the product (1) . 42 
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Rev. Sci. Instrum. 88, 104102 (2017) [Bi(HIDC)(IDC)] at t = 4.5 min. (1) . 42 An alternative but more invasive method of isolation in this case would have been to load the injection system with a cold solvent and inject the solvent once the intermediate phase appears to rapidly cool down and quench the reaction. In conventional laboratory syntheses, usually reaction times of several hours or even days are used meaning that many intermediate phases which could potentially provide valuable information about reaction mechanisms are often overlooked.
IV. CONCLUSION
A new flexible reactor setup, SynRAC, allowing for the analysis of chemical reactions under ambient and solvothermal reactions has been constructed. The setup is an aluminum casing that can accommodate two different sizes of borosilicate vessels routinely used in laboratory-scale syntheses. The reaction temperature is measured inside the reaction vessels via PTFE-coated thermocouples and can be controlled between ambient temperature and 180 • C with a deviation of ±0.6 • C. An electromagnetic stirrer incorporated in the base plate offers the option of stirring the reaction mixture during the experiment. The setup furthermore features an injection system and a solid dosing device that can be used to inject up to two additives or one solid, respectively, during the reaction to, for instance, initiate very fast reactions or to quench reactions. The whole experiment including sample heating and cooling as well as injection steps is remote-controlled using a custom-programmed user interface based on LabView. Up to now, the reactor setup has been successfully tested for the analysis of reactions using X-ray diffraction techniques to study crystallization kinetics, phase transformations, and intermediate phases. Furthermore three proof of concept studies were described which used the SynRAC setup.
SUPPLEMENTARY MATERIAL
See supplementary material for additional information regarding the reactor heating rate and the safety cap as well as more details on the two case studies described in Secs. III A and III B.
